Abstract. In the clinic, vitiligo is characterized by two stages: Stable and progressive. The pathogenesis of vitiligo is still not clear. Here, we identified serum markers of vitiligo by screening for differentially expressed proteins in patients with vitiligo compared to healthy individuals. Serum samples were collected from patients with vitiligo (n=10 for both the stable and progressive stages) and healthy individuals (n=10). Two-dimensional gel electrophoresis followed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and western blotting were used to validate the differential expression of the proteins in the serum (n=20 each, at both stages for patients and healthy individuals). A total of 48 differentially expressed proteins were identified by gel image analysis. There were 28 differentially expressed proteins in patients with progressive vitiligo (PV) and 13 differentially expressed proteins in patients with stable vitiligo (SV) compared with that in healthy individuals. Additionally, 7 differentially expressed proteins were identified in patients with PV compared with those in patients with SV. The western blotting results showed that Peroxiredoxin-6, apolipoprotein L1, apolipoprotein E and mannose-binding protein were differentially expressed in patients with different stages of vitiligo. Our results showed that change serum levels of several proteins might be useful as biomarkers or in understanding the pathogenesis of vitiligo.
Introduction
Vitiligo is an acquired autoimmune disease characterized by primary, localized, or generalized white spots on the skin and mucosae due to the destruction of epidermal melanocytes. Approximately 0.5-2% of the global population is affected by vitiligo (1) , and the incidence of this disease in China is 0.1-2.7% (2) . In the progressive stage of vitiligo, the emergence of new lesions or the enlargement of original lesions occurs from 6 weeks to 1 year, and the stable stage of the disease is reached only when lesions have been stable for more than 1 year or with spontaneous pigment regeneration. Vitiligo has a major impact on patient's quality of life. Autoimmunity, neural dysregulation, melanin self-destruction, or oxidative stress has been speculated to be involved in the pathogenesis of the disease (3) . However, the true causes of damage to melanocytes are unclear.
Diagnosis of vitiligo primarily depends on clinical manifestation, and rarely on histopathological changes. So far, there have been no definite biomarkers for diagnosis, evaluation of disease progression, treatment response or prediction of prognosis. Infiltration by CD8 + T cells in the margin of lesions is suggestive of active vitiligo (4) . Elevation of serum levels of chemokine ligands CXCL9 and CXCL10 were noted in both progressive and stable vitiligo (SV), especially in the former (5) . IFN-γ and TGF-β were demonstrated to promote T-cell recruitment to the epidermis where melanocytes destruction may occur (6) . Serum levels of IL-17 and oxidative stress products were claimed to have a possible association with progressive disease (7) . However, the above findings require validation in further studies.
The two-dimensional gel electrophoresis (2-DE) followed by proteomic analysis is a useful tool for large-scale screening of disease-related differentially expressed proteins. By employing the technique, differentially expressed proteins in skin malignancy such as melanoma (8) and autoimmune disease such as systemic lupus erythematosus (SLE) were identified, which helped to clarify the pathophysiology and mechanism of the diseases (9) . In this study, we used 2-DE followed by mass spectrometry (MS) to identify differentially expressed proteins in serum of both stages of vitiligo and the controls. Some representative differentially expressed proteins were further validated by western blotting. The present study provides a plausible basis for identifying the serum biomarker and studying the pathogenesis of vitiligo. None of the patients were treated, and the controls had no other medical conditions, as confirmed by a comprehensive physical examination. This study was approved by the hospital ethics committee (no. 201202013-02), and all patients and healthy volunteers provided written informed consent for participation in the study.
Materials and methods

General
Reagents. Urea was purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Propanesulfonic acid (CHAPS), ethylenediaminetetraacetic acid (EDTA), and dithiothreitol (DTT) were purchased from Promega Corporation (Madison, WI, USA). Iodoacetamide (IAM) was purchased from Promega Corporation, and sodium dodecyl sulfate (SDS), bromophenol blue, and a serum high-abundance protein depletion kit (ProteoPrep Blue Albumin and IgG Depletion kit) were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Ammonium persulfate was purchased from Amresco, LLC (Solon, OH, USA), and acetonitrile (MS grade) was purchased from Thermo Fisher Scientific, Inc.
Collection and preparation of serum. A total of 5 ml of blood was collected from the elbow vein of patients during the early morning under conditions of limosis. The samples were incubated at 4˚C for 2 h, centrifuged at 4˚C and 3,000 x g for 10 min to separate the serum after self-coagulation, and then stored at -80˚C. Depletion of high-abundance proteins was carried out using a serum high-abundance protein depletion kit according to the manufacturer's instructions.
2-DE and silver staining.
For the first dimension isoelectric focusing gel, 120 µg of total protein was loaded onto IPG prefabricated strips (24 cm, pH 4-7; Bio-Rad Laboratories, Hercules, CA, USA). An isoelectric focusing instrument (GE Ettan IPGPhor3; GE Healthcare, Chicago, IL, USA) was used with the following protocol: 300 V for 30 min, 700 V for 30 min, 1,500 V for 1.5 h, 9,000 V for 3 h, and 9,000 V for 4 h. This procedure was repeated three times for each individual sample. For the second dimension, the isoelectric focusing strip was used for SDS-polyacrylamide gel electrophoresis (PAGE) as follows. The IPG strips were placed in equilibration buffers I and II, shaken slowly for 15 min, and then transferred to 30% gels and subjected to SDS-PAGE with the following protocol: 2 W/gel for 45 min and 17 W/gel until the bromophenol blue ran to the end of the gel (approximately 4.5 h). Silver staining was carried out according to standard procedures. Samples were stored at 4˚C in 1% glacial acetic acid.
Gel image acquisition and analysis. The gel was scanned using a UMAX Powerlook 1100 scanner and analyzed with ImageMaster 2D platinum 5.0 (GE Healthcare). Background subtraction, homogenization, and matching were carried out for three gels from the same sample. Protein expression was compared between groups using t-tests. Differences with P-values of less than 0.05 were considered significant, and protein spots with an expression difference of at least 2-fold were defined as differentially expressed.
MS.
Target protein spots were excised and subjected to in-gel enzymatic digestion. The peptides extracted from the protein spots were analyzed using an UltrafleX III TOF/TOF mass spectrometer (Bruker Corporation, Ettlingen, Germany) with the following settings: Ultraviolet (UV) wavelength, 355 nm; repetition rate, 200 Hz; acceleration voltage, 20,000 V; and optimal quality resolution, 1500 Da. Signals were collected from a scanning quality range of 700-3,200 kDa. The peak of trypsin self-cleavage was used as an internal standard calibration in the MS experiments. The spectra of all experimental samples were obtained using the default mode. The Cytoscape plugin GlueGO and ReactomeFIViz were used to record the biological process GO term for the GO term enrichment analysis of differentially expressed proteins. P-values of <0.05 and FDR <0.01 were accepted as threshold values for GO enrichment. Identified Proteins were described in the tables by Accession, Score, PI, Mw, and % coverage. Accession represent protein accession number in Uniprot database, Score represent MS score, PI represent Isoelectric point, Mw represent molecular weight, % Coverage represent the percentage sequence coverage of the protein by the matched peptides.
Verification of protein expression by western blotting.
The proteins of the serum samples were extracted by RIPA buffer (150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate 0.1% SDS, 50 mM Tris, pH 8.0) and protein concentration was estimated by the Bradford protein assay (Bio-Rad Laboratories). Then the extracted proteins was boiled at 100˚C for 5 min. The serum samples of 20 PV patients, 20 SV patients and 20 healthy individuals were analyzed by WB experiment. Fifty micrograms of protein was separated by SDS-PAGE on 12% gels. The proteins were then transferred to polyvinylidene difluoride membranes at 4˚C with a constant voltage of 120 V. The membranes were then incubated with 5% skim milk powder at room temperature for 1 h, followed by incubation with 5 primary antibodies (1:500-1:1,000) (Abcam, Cambridge, MA, USA): Anti-PRDX6 (cat. no. ab133348, 1:1,000 dilution; Abcam), anti-APOL1 (cat. no. ab108315, 1:1,000 dilution; Abcam), anti-APOE (cat. no. ab52607, 1:1,000 dilution; Abcam), anti-MBL2 (cat. no. ab189856, 1:500 dilution; Abcam) and β-tubulin (cat. no. ab6046, 1:500 dilution; Abcam). The membranes were incubated with the primary antibodys at 4˚C overnight for 10 h. Next, the membranes were incubated with goat anti-rabbit IgG (HRP; cat. no. ab6721, 1:2,000 dilution; Abcam) followed by incubation with corresponding secondary antibodies at room temperature for 2 h, Specific protein bands were visualized with the SuperSignal chemiluminescence system (Promega Corporation,) and imaged by X film.
Statistical analysis. All data were analyzed using Statistical Package for Science Software (SPSS) version 16.0 (SPSS, Inc., Chicago, IL, USA). The significant of difference were analysed by one-way analysis of variance (ANOVA). The gray value ratio of each band compared between groups (stable stage or progressive stage compared to control) was used to calculate the significance of differences by least significant difference (LSD) as a post hoc test. P<0.05 was considered to indicate a statistically significant difference. Functional categories of identified proteins. An analysis of the functional categories of the proteins differentially expressed in patients with vitiligo compared to the controls was performed.
Results
2-DE-MS.
The differentially expressed proteins in the SV and PV groups were analyzed based on their GO clustering. The annotated functions based on the GO analysis were ranked according to statistical significance. The differentially expressed proteins were categorized based on their molecular function, biological process, and cell component. In regard to the molecular function, we noted that normal enzyme activity, ion binding and lipid binding function most frequently occurred at both stages of vitiligo compared to controls. In addition, we noted oxidoreductase activity, transmembrane transporter activity and DNA binding function (Fig. 1) .
We further analyzed the GO annotated biological processes in vitiligo patients compared to controls. The top three biological processes were response to stress, vesicle-mediated transport and immune system biological process. We also observed other processes annotated as homeostatic, signal transduction, cell adhesion and small molecule metabolic processes (Fig. 2) .
The cellular component GO terms associated with vitiligo compared to controls included extracellular components, organelle, plasma membrane, cytoplasm and endosome components (Fig. 3) .
Western blot results.
Compared to the samples from the control group, the samples from patients with vitiligo showed differential expression patterns of Peroxiredoxin-6 (PRDX6), patients with PV compared to that in controls, especially compared to that in patients with SV (P<0.001; Fig. 4 ).
Discussion
The onset of vitiligo is related to oxidative stress, autoimmune responses, and neurogenic factors (11) . Some studies have shown that sympathetic nervous system dysfunction can inhibit melanin production, leading to melanin loss (12) . The incidence of nonsegmental vitiligo and autoimmune responses is closely related, and inflammatory cell infiltration can be found around the lesions of patients with segmental vitiligo (13) . In addition, patients with vitiligo show increased hydrogen peroxide levels, and the resulting oxidative stress damage can cause melanocytes to become more susceptible to free radical-mediated damage (14) . However, the pathogenesis of vitiligo is still largely unclear.
In this study, we used 2-DE-MS to identify proteins that are differentially expressed between patients with vitiligo and healthy individuals. The study identified many differentially expressed proteins, and it also showed a protein expression difference among patients with the progressive and stable stages of the disease. Analysis of the functions of the differentially expressed proteins using Cytoscape software showed that these proteins were involved in GO annotated molecular functions, biological processes, and cellular components. We found common functions that were to be expected, such as immune system processes (15) and oxidoreductase activities (16), but we also found new functions such as calcium-binding proteins, lipid binding proteins, peptidase enzyme activities and cell adhesion processes. There have been reports about serum vitamin D levels relating to skin diseases including vitiligo (17) , and some authors have suggested that total lipid serum levels change in patients with vitiligo (18) . However, no one has elucidated the mechanism of vitiligo or implicated specific proteins in its pathogenesis. Our data also suggest that new functions and biological processes involving these different proteins may be affected during the two stages of vitiligo. In addition, we found most of these proteins were expected to be localized to the extracellular region, the organelles, the plasma membrane and the cytoplasm.
We noted four proteins that were differentially expressed between vitiligo patients and controls: PRDX6, APOL1, APOE and mannose-binding protein C (MBL2). PRDX6 was significantly downregulated in patients with vitiligo, APOL1 was downregulated in patients with PV, and APOE was downregulated in patients with SV. Additionally, mannose-binding protein C (MBL2) was downregulated in patients with PV compared to that in patients with SV. We verified that PRDX6 was downregulated in both stages of vitiligo, especially in PV. Using our bioinformatic analysis, we showed evidence that PRDX6 might have oxidoreductase activity based on the biological function according to GO annotation. PRDX6 represents a widely distributed group of peroxiredoxins that contain a single conserved cysteine in the protein monomer (19) , which protects tissues from oxidative stress. There have been reports that PRDX6 plays a role in protecting epithelial cells from exposure to severe oxidative stress (20) . Another study on PRDX6 examined its expression levels in retinal pigment epithelial cells and showed that PRDX6 protects cells from H 2 O 2 -induced oxidative stress and apoptosis through the PI3K/AKT pathway (21) . Thus, PRDX6 may impact antioxygenation. In addition, there have been reports that downregulation of PRDX6 was verified in DNA vaccine-induced mouse models of vitiligo by western-blot and mRNA analysis (22) . We also have found that PRDX6 expression varied in vitiligo patients compared to that in controls using 2-DE proteomics. The downregulation of PRDX6 was also observed. Further study will be needed to confirm whether PRDX6 levels are affected in the vitiligo disease state, especially during the progressive stage. We also found variation in the expression of lipid metabolism-related proteins. APOA1 and APOL1 were significantly downregulated in patients with PV, and APOE was downregulated in patients with SV. APOA1 is the main apolipoprotein of high-density lipoprotein (HDL), which can help reverse cholesterol transport and has antioxidative and anti-inflammatory effects (23) . The level of APOA1 is inversely correlated with the level of acute inflammation markers, (24) and studies have suggested that APOA1 can antagonize lipid deposition and anti-inflammatory-induced lipid toxicity (25) . The APOL1 family mainly binds to APOA1 complex lipoproteins. Additionally, APOE, which was decreased during the stable stage, is involved in the transport of cholesterol, regulating lipid metabolism, and some neurobiological processes (26) . APOE is an arginine-rich alkaline protein that is the APO component of various lipoproteins and acts as an important cholesterol carrier mainly in chylomicrons with very-low-density lipoprotein and certain HDLs (27, 28) . In recent years, APOE has been reported to be a marker of ovarian cancer and to promote tumor growth (29) . In addition, APOE is also involved in nerve repair and regeneration after injury. Our western blot results showed that APOL1 and APOE had significant differences in progressive and SV. Although it had not been reported that these proteins are related to lipid function in the context of vitiligo, there may some effect on lipid function in the vitiligo disease state. This information further illustrates that APOL1 and APOE may have an effect in the two stages of vitiligo by regulating LDL and HDL.
Notably, our results showed that MBL2 is downregulated in patients with PV compared with control and SV, suggesting that complement activation was inhibited. MBL2 is an acute-phase protein in the Ca 2+ -dependent lectin family produced by the liver. MBL is a key factor in the innate immune system that recognizes pathogenic microorganisms through Figure 4 . Four differential proteins expression of PRDX6, apolipoprotein (APOL1 and APOE) and mannose-binding protein C (MBL2). (A) Each column represents one group, and this group contains one control, one stable stage patient and one progressive stage patient sample. and beta-Tubulin was the loading control. They were the same loading quantity of protein sample. (B) The gray value ratio of each band compared between groups (stable stage or progressive stage compared with control) was used to perform the significance of differences by Student's t-test. P-value <0.05 was considered significant. the carbohydrate recognition domain (30, 31) . Furthermore, by combining with associated serine protease-2, the complement lectin pathway can be activated and result in immune responses and regulation of inflammation to mediate infections, immune diseases, and recurrent miscarriage diseases (32) . MBL has been shown to affect immune diseases; for example, MBL is decreased in hypothyroidism during pregnancy (33) and SLE via polymorphisms (34) . It was reported that a polymorphism in MBL2 may be one of the genetic susceptibility factors for vitiligo, but this is still largely an open question. Our bioinformatic classification of these proteins may help unravel how the ion-binding function of MBL2 plays a part in vitiligo (35) .
We have found some differential expressed proteins in vitiligo compared to control using proteomics. The expression changes of these proteins through the two stages of vitiligo may yield some insight into how these proteins play important roles in the occurrence and development of vitiligo. In addition, the differential protein expression between the two stages may be an indicator of disease activity, and this information may one day provide potential clues in the clinical treatment of vitiligo. Subsequent further research is required to determine the clinical significance of the findings.
In summary, although our sample size was small, our results confirmed the differential expression of PRDX6, APOL1, and APOE. This information might be useful to study pathogenesis or biomarkers of stable and PV. MBL2 may have applications as a biological marker used to differentiate between the progressive and stable stages of the disease. Of course, these are only preliminary data and further research is required to validate the findings and verify the identified novel molecular biomarkers in patients with vitiligo. Based on the findings of this study, we will use other biological techniques to conduct a more in-depth exploration of protein interactions, protein modifications, and biological information networks to further elucidate the pathogenic mechanisms of vitiligo.
